A logistic model of the competition diallel is presented based on two linear parameters for the exploitation component of competition, namely the acquisition rate (f) and utilization efficiency (u), and one linear parameter for the interference component of competition (i). This interference component encompasses all phenomena that are uniquely related to duocultures, such as resource partitioning, mutual stimulation, inhibition and complementation. The model uses yield-density regression coefficients (c-values), but could be adapted to suit other variates that account for both competitor density and relative frequency. In Drosophila larval competition most interference is negative and depresses the performance of duocultures with respect to monocultures, over and above that expected from shared exploitation of a common resource. Even in the closely controlled competitive conditions of these experiments this interference accounts for a considerable proportion of the total variation. The isolation of a general, and therefore predictable, interference component may prove useful in agriculture when assessing the relative importance of mixture effects to the yield potential of different crops.
Introduction
The main benefit of mixing different crops or cultivars is that the combined yield of such mixtures often exceeds the yield of either crop grown as a pure stand.
Temporal and spatial variations in the nutritional requirements of the crops means that the total resource available is greater for the mixture than for either monoculture and more efficient use is made of the land (Chowdury & Hodgson, 1982; Spitters, 1983b) . Such benefits are best estimated by the Relative Yield Total (de Wit & van den Bergh, 1965) or Land Equivalent Ratio (Willey & Osiru, 1972) and with the advent of yield-density regression analyses for mixtures (Mather & Caligari, 1981; Wright, 1981; Spitters, 1983a ) the RYT or LER can be optimized by scanning through the absolute and relative densities of the two crops (Spitters, 1983b) . Benefits purely due to mixing are therefore dependent on the difference between the requirements of the crops. This makes it difficult to *present address: John Innes Institute, Colney Lane, Norwich NR4 7UH, UK. f Present address: Shahrekord Agricultur& College, P0 Box 115, Shahrekord, Iran. 333 predict the results of mixing a priori. Much progress has been made with physiological plant growth models (Spitters & Aerts, 1983; Spitters, 1986; Johnson et al., 1989; Lim et at., 1990) where the combined growth of different crops is simulated, but it remains difficult to determine whether the plants are drawing from the same or different resources. Furthermore, not all mixture effects are necessarily beneficial (van den Bergh, 1968; Spitters, 1979) . Changes in soil micro-flora and fauna, shading effects, the release of plant secondary metabolites, plant disease and pathogen or vector interactions could all have either antagonistic or synergistic effects, if not on the total biomass then possibly on the harvested component of a crop. Any general, and therefore predictable, benefit associated with mixing may also be obtained from analysing many interrelated mixtures. Such competition diallels have long been popular in competition studies. The diallel is formed by competing each strain with every other strain, including itself, and recording the performance of the primary (indicator) genotype in the presence of various associate competitors. However, with notable exceptions (McGilchrist & Trenbath, 1971 ) the analysis of such diallels has been largely empirical (Williams, 1962; McGilchrist, 1965; Norrington-Davies, 1967 , 1968 Breese & Hill, 1973; Mather & Caligari, 1983; Eggleston, 1985; de Miranda & Eggleston, 1987 , 1988c with little regard for the biological determinants underlying the diallel. Hence, in this paper we present an analytical model for the competition diallel based on three linear biological parameters, representing both the exploitation (acquisition and utilization of a common resource) and interference (unique resources and mixture benefits) components of competition (Birch, 1957) . It integrates aspects of most of the analyses mentioned above and incorporates absolute and relative density effects through the use of yield-density regression slopes, or c-values, as entries for the diallel, rather than the more traditional total yields of 50/50 mixtures. The arguments are based on the interactions which occur between larvae of Drosophila melanogaster when competing for a fixed amount of food, using percentage survival as a measure of competitive success. However, the principles and conclusions apply equally to other measures of competitive success, such as body weight or plant yield, and to situations where the limitation concerns the rate of nutrient supply, rather than the total amount.
Materials and methods
Competition took place in glass vials containing 5 ml 2 per cent bacto-agar and 55 mg yeast (YSC-2, Sigma) dispensed as a solution. The vials were seeded with even-aged eggs of the various genotypes, using (30,0), (60,0), (90,0) and (120,0) eggs per vial for the monoculture density series and (30,90), (60,60) and (90,30) eggs of either genotype for the duoculture density series. Seven phenotypically distinct inbred lines of Drosophila melanogaster were used, namely a selected slow feeding wild type strain (Burnet et al., 1977) , the inbred lines Texas T25 and T16 (Linney et al., 1971) marked with y2 and Wa respectively (Mather & Caligari, 1983 ) and the mutant stocks pn, w, v and e, details of which can be found in Lindsley & Grell (1967) . For each of these a monoculture density series and all possible combinations of duoculture density series were raised. The whole experiment was replicated four times, individually randomized and incubated at 25°C. Upon emergence of the first adults, flies were collected daily for 10 days, grouped according to phenotype and weighed en masse. The proportion of eggs surviving to adulthood (p) at each density was transformed to angles (Pa) and was analysed using the linear regression procedure of Mather & Caligari (1981) . The mean adult weight () was analysed using a hyperbolic regression (Snedecor & Cochran, 1980; Spitters et al., 1989) . This is similar to using 1/i in a linear regression procedure, but yields superior estimates of the regression coefficients and circumvents the error variance heterogeneities introduced by transforming w to 1/ (Spitters et al., 1989) . The fit of the data to the regression models was tested by comparing the residual regression variance with the replicate error variance and was found to be acceptable in all cases. The replicate error variance was used to calculate the error variances associated with the regression parameters, as it was generally larger than the residual regression variance. None of the genotypes displayed non-competitive larval mortality (de Miranda & Eggleston, 1988b) .
Analysis of the diallel The simplest form of competition occurs in monoculture ( Fig. 1 ). All competitors have the same characteristic feeding rate, such that the proportion of larvae surviving at each density is dependent only on the efficiency with which the food is used to produce adult flies. A high efficiency will result in better survival at the higher densities, creating a shallow slope and therefore a low c-value. The monoculture c-value is therefore related to the efficiency (u) of each genotype. l/u.
(1)
The pattern of survival in duoculture is complicated by the different feeding rates of the two genotypes. If the feeding rates of the genotypes are identical then the allocation of food would be the same for all individuals, regardless of genotype, and survival of each genotype would again depend only on its utilization efficiency.
The c-value of each genotype in duoculture would therefore be identical to its monoculture c-value (Mather & Caligari, 1981 ). However, a higher feeding rate for genotype x ensures that it acquires extra food at the expense of genotype y. Consequently, genotype x will survive better at each density in duoculture than in monoculture, and increasingly so when there are more ys than xs to compete with. This will all be reflected by a lower c-value. As the food gained by genotype x is at the same time lost by genotype y, gain and loss must be equal in magnitude, and is related directly to the difference in the feeding rates of genotypes x and y. Therefore,
where f represents the feeding rate and u the utilization efficiency. The feeding rate differences are subtracted from 1, rather than added to 1 since in yield-density regression analyses, competitive strength is represented by a low c-value. These equations explain many properties of the competition diallel. If the feeding rates are identical then the duoculture and monoculture c-values of each genotype will be the same, as explained before. The feeding rate differences will tend to produce a negative correlation between the row and column means, but variation for the utilization efficiency (u) will disrupt this correlation. Dividing all indicator c-values by their corresponding monoculture c-value removes the variation due to the differences in u (and any effects of a correlation between utilization efficiency and feeding rate, de Miranda & Eggleston, 1988a) and should improve the negative correlation between sensitivity (rows) and pressure (columns) caused by the feeding rate differences. The most important feature of such a corrected diallel is that the duoculture gains and losses should cancel, i.e. their average should equal 1.0. This would imply that the total exploitation potential of the resource by both genotypes is the same in monoculture as it is in duoculture and that the final yield of the duoculture mixture is dependent solely on how the resource is shared and what use each genotype can make of its share. This concept is similar to the Relative Yield Total and the Land Equivalent Ratio. Any duoculture average which differs from 1.0 implies the presence of positive or negative interference. As competitive strength is rewarded with a low c-value, an average value <1.0 indicates positive interference, where mixing gives an extra advantage to one or both genotypes over and above that expected from shared exploitation of a common resource, while a value > 1.0 implies negative interference where the genotypes are (mutually) antagonistic. In larval competition, waste products may spoil fresh food or provide an exclusive new resource, media conditioning can involve the release of secondary metabolites either harmful or beneficial to the other genotype (Sang, 1949; Dawood & Strickberger, 1964; Weisbrot, 1966; Budnik & Brncic, 1975) and burrowing can either hinder or help the other genotype depending on its preferred mode of foraging (Godoy-Herrera, 1977; Sokolowski, 1982) . In plant competition it is through such interference, or ecological combining ability (Harper, 1967; Hill, 1990) that mixtures can perform better than both monocultures. For example, rooting length differences between the indicator plant and various associate plants make a larger total resource available from which both indicator and associate can benefit (Baan- The remaining resource, represented by the shaded area, is shared between the competitors and its allocation is therefore determined by the acquisition rate differences between the genotypes. These effects are added to the model as follows
where i, representing general interference, is subtracted rather than added, such that any beneficial interference which would lower the c-value is represented by a positive value. Furthermore, i is included inside the brackets, because the final expression of any advantage gained through interference is still subject to the utilization efficiency (u). The simplest way to resolve these parameters is to use the monoculture cvalues to estimate u and to use the corrected diallel to separate the f and i components, with any residual variation in the corrected diallel forming the specific interference component. The corrected diallel yields a set of simultaneous equations containing all f and i effects which, for any diallel larger than 2 X 2, produces several solutions for each i. These can be combined into a single estimate of i using least squares. However, it is not possible to obtain absolute values forf because only the differences between the feeding rates (and not the values themselves) are orthogonal. Hence the estimates for i are added to or subtracted from the relevant entries in the corrected diallel, leaving only the f components and the residual variation. Relative estimates for the feeding rates can be obtained subsequently by setting each j, to 1 in turn and then calculating the values for the remaining fs. This yields (3) several estimates for each the average of which can be taken as its true relative value. It can also be shown that including i as a column effect [c.,
gives the same solutions to the simultaneous equations as including i as a row effect [ct), = 1 -( f -f) -ij. This equally be argued that it is either 'taken' by the indicator genotype (i as a row effect) or 'given' by the associate genotype (i as a column effect). However, while there is no distinction between these two versions of the model with respect to the estimation of i, it does affect the estimation of the relative feeding rates. It can be shown, with simulated corrected diallels, that subtracting i from rows produces different estimates of the feeding rate differences (f -fr) than subtracting i from columns, even though in both cases the feeding rate differences are orthogonal across the leading diagonal. It is possible, in practice, to decide whether the data is best analysed with i as a row effect or as a column effect. From equation (2) it is apparent that without i there should be equal variation between the row means and column means of the corrected competition diallel. The same is true for any 2 x 2 corrected diallel that includes i as a row effect, but in larger diallels the i components make increasingly cumulative contributions to the row totals, whereas the contributions to the column totals tend, increasingly, towards the average. This means that with increasing diallel size the variation between rows (sensitivity) becomes progressively larger compared to the variation between columns (pressure). The difference between the row and column sums of squares for a corrected diallel with i as a rw effect, is
where n is the size of the diallel and i and f are as defined previously. This expression is dominated by the first term. The second term is simply the summed cross products of the feeding rate difference and i in each cell, which are positive above the leading diagonal and negative below it. They will largely cancel each other, depending on the size and sign of irs. The third item is also small compared to the first, especially if the is differ in sign. Note that if n = 2 (a 2 x 2 diallel) no difference exists between the row and column sums of squares, which explains why the analysis of RYTs or corrected c-values only becomes meaningful in diallels larger than 2 x 2. The implication of equation (4) is that if there is more variation between rows than between columns, then the model with i as a row effect is generally more suitable. If the converse is true then the model with i as a column effect is preferable. Both the feeding rates and general interference are dimensionless parameters; the feeding rates because they are relative estimates and interference because it is largely an extension of the utilization efficiency. The dimensions for the utilization efficiency are weight/area for the mean adult weight () and Mensity/isurvival for Pa Programs in BASIC for the diallel analysis and for the hyperbolic yield-density regression analysis can also be obtained from the authors.
Results
The primary and corrected c-value diallels are given in Table 1 , which also contains estimates of the mean pressure (columns) and mean sensitivity (rows) for each diallel and a summary of an analysis of variance for each diallel. Associated with each c-value is a unique error based on the replicate error variance pertaining to each indicator genotype. These were pooled to give the estimates shown at the bottom of Table lb. The lower figure in each cell, pertaining to the corrected cvalue diallel, was obtained by dividing each c-value by its corresponding monoculture c-value, as described by the model, c/c1 and the error variance associated with this ratio was approximated as follows, using statistical differentials (Davies, 1957) if b =f (a1,.. ., a)
x (ób/6a1) cov( a,, a1)
The covariance term was obtained from the covariance regression matrix (Mather & Caligari, 1981; Snedecor & Cochran, 1980) . The error variances of items in the leading diagonal become zero and are therefore excluded from the pooled error term. Inspection of the primary c-values reveals that a gain for one duoculture c-value in any 2 X 2 comparison generally coincides with a loss for the other duoculture c-value, but that these changes are rarely equal. The corrected diallel clarifies this situation considerably, and there is far better parity of duoculture gain and loss in each 2 x 2 comparison. These trends can be investigated through the behaviour of the mean sensitivity and mean pressure. The correlation coefficients between sensi- for mean adult weight (), where this correlation is much larger, and highly significant. In the corrected diallel these correlations are considerably enhanced as was predicted by the competition diallel model. This has also been noticed by McGilchrist & Trenbath (1971) . Another observation is that for many 2 x 2 comparisons in the corrected diallel the duoculture average exceeds 1.0, which implies the presence of negative interference. The analyses of variance for the corrected diallels reveal that there is more variation for pressure than for sensitivity in the case of Pa, while for the reverse is true. Consequently the data for Pa were analysed with the competition diallel model that included general interference (i) as a column effect, while the data for i were analysed with i as a row effect. The results of the analysis are summarized in Table 2 . Also shown are the approximate percentage contributions by the utilization efficiencies (u), the relative feeding rates (f), the general interference (i) and the residual variation representing specific interference (j) to the total variation in the primary c-value diallel. These data show that the three main parameters (u, f and i) account for nearly all the variation in competitive ability, affirming both the accuracy of the model and suggesting that there is very little specific interference in Drosophila competition. The utilization efficiency (u) is the single most important contributor to c-value variation in Pa while the feeding rate differences (f) are the most important components for weight-based competition (). This concurs with the Table 2a . Estimates and error variances (426 degrees of freedom each) for the utilization efficiency (u), relative feeding rate ( f) and general interference (i) of the seven genotypes for larval survival (Pa) and mean adult weight (W). Also shown is the total c-value variation, and the variation in the corrected diallel after adjusting for u, for u and f, and for u, f and i. These were used to estimate the approximate percentage contributions of u, f, i and jto the total c-value variation in both Pa and W Levels of significance are as given in interpretation of the correlation coefficients between sensitivity and pressure, and can be ascribed to the different nature of larval survival and adult weight determination. The number of larvae that survive depends on the larval food conversion efficiency and on reaching a minimum larval pupation weight early in the third instar stage. This is an important utilizationrelated parameter and for which there is considerable genetic varitation (Bakker, 1961) . The mean adult weight is directly related to the final larval weight which is reached well after survival has been assured, and is therefore less affected by the critical weight. As a result the c-values for Pa are probably more influenced by efficiency parameters than those for It is also evident that interference in Drosophila larval competition is mostly negative when concerning larva-adult survival (Pa) and positive when concerning mean adult weight (). None of the six parameters are related to any significant degree with the obvious exception of the relative feeding rates in Pa and i (r5 = 0.811; P < 0.05).
The utilization efficiencies for Pa and i are unrelated, as is the case for general interference. There is a moderate correlation between high feeding rate and low efficiency in i (r5 = -0.655), which is only of interest because direct physiological studies of the larval feeding behaviour showed similar low level, nonsignificant but consistent correlations between the larval feeding rates and the larva adult food conversion efficiencies, for both second and third instar larvae (de Miranda, 1987) .
Discussion
There are two main points for discussion, namely the diallel model and the interpretation of larval interference and food exploitation in Drosophila. In these experiments the model gave an excellent description of the data, corroborated by independent analyses of the data on several occasions. The exploitation component of competition (represented by the utilization efficiency and the feeding rates) accounted for the bulk of the variation in the primary c-value diallels, both when using survival (Pa) and mean adult weight () as a marker for competitive success. Unfortunately, it is not possible to judge the model by its ability to explain the variation in the diallels because an analysis of variance also provides an adequate fit to the data. This may be due to the closely controlled environmental conditions of these experiments which leave little opportunity for niche partitioning and interference which in turn are the major contributors to the interaction between sensitivity and pressure. Such interaction is more likely to be found in plant competition (Breese & Hill, 1973;  Mather et al., 1982) and it would be interesting to know how the model behaves in these situations. The model also explains conflicting evidence from previous studies. For example, it had been found that estimates of sensitivity and pressure were generally not correlated implying independence (Mather & Caligari, 1983; Eggleston, 1985; de Miranda & Eggleston, 1987) . However, when age differences between indicator and associate genotypes were introduced (de Miranda, 1987) or when either sensitivity or pressure were selected for (Hemmat & Eggleston, 1988a) , the sensitivity and pressure were found to be closely related. Such relatedness is of course due to the feeding rate differences, while the apparent unrelatedness is caused by the variation in utilization efficiency. In the study of larval age differences it is largely the differences in feeding rate that are affected; the utilization efficiency (food conversion efficiency and critical weight) is less affected by the age differences. Consequently the changes in sensitivity and pressure due to increasing age differences are very closely linked. This is less the case with the selection study because selection could affect both the feeding rate and the utilization efficiency. However, the larval feeding rate is very heterotic (Sewell et al., 1975; Burnet et a!., 1977) and the selection study involved a high degree of inbreeding which would strongly affect the feeding rate. Hence, sensitivity and pressure would appear to be related to a degree, depending on whether the utilization efficiency was affected by inbreeding or not. The potentially different genetic nature of feeding rate and utilization efficiency has also been implicated in the high levels of heterosis observed for pressure but not for sensitivity (de Miranda & Eggleston, 1988c . With respect to larval interference these results are in general agreement with previous studies (Hemmat & Eggleston, 1988b) who also found mostly negative heterotypic interference when studying larval survival. On a wider basis the model has shown that all major components of competition (density, acquisition rate, utilization efficiency and interference) can be estimated from relatively simple data. All effects can be transposed to any absolute or relative density, and from these the RYT or LER of any mixture can be predicted (Spitters, 198 3b those characteristics important to monoculture yield (primarily the utilization efficiency) from mixturerelated phenomena (acquisition rate differences and interference). The model is most useful in data analysis because it lacks the environmental input and the temporal element to make it a truly predictive model, certainly in comparison with the physiological growth simulation models. For example, the proportion of the resource that is shared, and therefore subject to acquisition rate differences, changes as competition progresses; seedlings grown at low density initially behave as if grown in isolation, and it is only later that the plants start to compete for each others' resources.
Such changes are not accounted for by the model, which simply averages all effects up to the time of harvest. Secondly, the use of very low densities in mixed cropping, where there is likely to be a departure from the simple relationship between density and yield, may cause the interference effects to be overestimated (Spitters, 1983b) . More complex formulae for the relationship between density and yield (e.g. Benjamin, 1988) may be able to reduce this bias. Thirdly, the acquisition rate is often related to size, both in plants (Ford & Diggle, 1981; Cannell et a!., 1984; Benjamin, 1988) and Drosophila (Altapov, 1929; Bakker, 1961; Nunney, 1983; de Miranda & Eggleston, 1988a) and therefore increases exponentially with time. This means that the relative acquisition rates, as estimated by the diallel model, diverge as competition progresses and probably more accurately reflect the final acquisition rate rather than the mean acquisition rate over the whole growing period. It is possible to obtain absolute estimates of the plant acquisition rate from monoculture data only. If we assume the rate of growth of a plant at any one time (Aweight/iMime) to be the product of the acquisition rate (Aspace/Mime) and the utilization efficiency (weight/ispace) and then from the rate of growth of a plant and its density response we can obtain an estimate of the acquisition rate at that time. Any one of a number of characters (biomass, plant height, leaf area) could be used to define the growth rate of a plant, depending on what resource is likely to be limiting. Such estimates could be used to predict the exploitation component of competition in the diallel model. However, the interference component of competition would still have to be obtained from duoculture data or would have to be inferred from the biology of the competitors.
